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Abstract
Fatigue and the accompanying psychomotor and mental state of employees is one of the major factors contributing to workplace 
accidents. Fatigue’s effects are most dangerous in particularly hazardous professions such as underground work. Hence the 
development of a system whose measurable goal is to reduce the number of work accidents and mistakes and to improve the 
health and well-being of people employed in underground coal mines. Therefore, a safety system is proposed, which on the one 
hand would offer the possibility to control the person working underground in terms of the appearing fatigue and possibility of 
making errors, and at the same time would take into account organizational and environmental fatigue factors. An essential part 
of the fatigue-oriented safety system is the need to identify the typology of the sources of fatigue unrelated to working conditions 
such as lifestyle, nutrition, qualifications, physical activity of workers, pace of work, as well as stress levels determined by e.g., 
domestic situations. Fatigue factors have been identified within the work safety system. Among environmental factors 
contributing to miner fatigue, indicated are the ones most affecting the fatigue phenomenon, namely: microclimate, noise and its 
components, vibration, air composition and its movements (flow), changes in pressure, lighting, impact of limited natural light, 
radiation and dust. The miner fatigue management system outlines the source of fatigue. Lastly, defined are the activities of the 
work safety system, which should fulfill the role of an advisory and decision-making tool capable of: (1) selection of operational 
measures for identified critical situations, according to a specific source of fatigue with regard to the current work situation, (2) 
selection of work tasks according to psychomotor characteristics of miners working in the excavation of coal, (3) selection of
employees to task groups, (4) selection of recommended work tasks for an employee in order to reduce the effect of a particular 
fatigue factor, (5) definition of standardized work scenarios aimed at reducing excessive fatigue and its effects on the work
process.
© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of AHFE Conference.
Keywords: Fatigue; Ability; Capacity; Human error; Human performance
* Corresponding author. Tel.: +48605 883 000.
E-mail address: marcin.butlewski@put.poznan.pl
   thors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of AHFE Conference
4733 Marcin Butlewski et al. /  Procedia Manufacturing  3 ( 2015 )  4732 – 4739 
1. Introduction
The issue of fatigue particularly in view of the accompanying psychomotor and mental states of the employee is 
one of the major factors contributing to accidents at work. Fatigue is particularly dangerous in the case of 
professions where human error contributes to substantial material and human injury. Such a situation occurs in the 
case of coal mines. The management of human resources by paying attention to fatigue and the susceptibility to 
making errors is crucial because of the small possibility of using other ways of increasing safety (technical safety 
measures in the case of coal mining are usually stretched to the limits of economic opportunities). It is therefore 
important to use methods mitigating human error, much of which involves minimizing the impact of working 
environment on the human potential to make mistakes [3]. The problem is all the more important since a significant 
number of accidents in underground workings is due to the human factor [17], and this trend has intensified in recent 
years [9]. Although the number of fatal accidents is falling, they still pose a serious problem because of both the 
humanization of technology (the tendency to reduce the impact of work environment on the human) and the 
economic balance of raw material sourcing. According to data published annually by the Polish National Labour 
Inspectorate and Mining Authority [20], in 2012 there was a total of 1,663 accidents involving persons employed in 
underground coal mines and 536 accidents involving people working in the mines, but employed by outside 
companies. The average cost of removing the results of the accident borne by the Polish state is approximately 
$22,000. This amount is composed of approx. $8000 intended for medical and rehabilitation proceedings and 
approx. $14,000 is the amount incurred due to disturbances in the production system and worker absenteeism. This 
means that in 2012 alone, Poland recorded losses amounting to approx. 48 million dollars due to coal mine 
workplace accidents. These data indicate that any, even the slightest improvement in work organization by 
managing the psycho-physical state of workers in this sector can contribute to millions in savings. 
2. Literature research – Miner fatigue management
2.1. Main factors of fatigue among coal miners
The work environment in a mine is associated with particular work conditions, which are a source of fatigue for 
miners as well as a source of accidents. Most often these include [9]:
x lack of natural light,
x uncomfortable (cramped) work space,
x air quality consists of high humidity, particle pollution, decreased oxygen levels, mine gas contamination, 
x constant flow of air (in surface? excavations – up to 5 m/s, in drift mining – up to 8 m/s, in shafts and during 
transport – up to 12 m/s),
x increased air pressure due to depth,
x constant change in work place (resulting from the movement of mine face and maintenance),
x alterations in rock mass structure (which results in falling rock),
x leaks or condensation from the roof,
x incline of seams and excavations carried out in them,
x noise and vibration of machines and equipment used for extraction and haulage,
x elevated temperature,
x high transport traffic in excavations limited in size and number,
x natural hazards (rock burst, methane, fire, explosions of methane and coal dust, outbursts of gases, rocks and 
others),
x physical fatigue of workers performing their tasks in the above-mentioned conditions.
Working in deep mines is associated with a hot microclimate which has adverse effects on humans. The result of 
its impact is not only a bad mood or heat stress, but also it can lead to heat stroke. The current climate standards in 
Polish mines do not provide safety, since they permit excessive levels of fatigue among workers [14]. The Polish 
mining industry is struggling with providing workers with proper climatic conditions as a result of inadequate 
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ventilation and air conditioning of mines. This is due to the nature of the work (operation at ever deeper levels of 
extraction, concentration of production, and sublevel extraction) and variable factors such as air temperature, 
temperature of the rock mass, relative humidity, air pressure and thermal radiation [15]. Microclimate factors 
significantly affecting worker fatigue depend on:
x depth of operation and the associated initial temperature of the rock mass,
x geological structure of the mined deposit and surrounding rock,
x size of the extraction,
x free air delivery and velocity,
x amount, type and power of installed machinery and equipment,
x time and method of ventilation.
A very important part in miner fatigue is played by stress, which has both a psychological and physiological 
character, as the miner subjected to stress has an increased heart rate and blood pressure (changes in the circulatory 
system). Stress reactions result from the action of stimuli (stressors) which can be physical, psychological, 
emotional or other resulting from the external environment or the employee itself [7]. The increase in heart rate due 
to stress is added to the already increased heart rate due to physical effort and as a result it often exceeds twice the 
normal value. Elevation of heart rate above 130 bpm results in less efficient work, decreasing force of heart 
contraction and uneconomic blood flow. In addition, increased stress acts on the brain, and therefore increases the 
secretion of hormones responsible for metabolism. In turn increased metabolism results in increased heat generation 
in the body. This situation is all the more undesirable due to high ambient temperatures that put additional pressure 
on the cardiovascular and thermoregulatory systems, which results in reduced physical abilities and affects the 
behavior of the worker [7].
2.2. Fatigue management
In literature, a number of approaches to managing fatigue can be found, however, they are most frequently 
directed at transport operators in e.g. aviation [13] and professional drivers [2]. A considerable number of 
publications has been created on working time management due to fatigue and the relationship between the length of 
working time and the ability to be adequately ready to work and thus safety [1]. In practical terms fatigue 
management methods can be categorized according to time as having an effect in real-time or after the event (after 
exceeding the appropriate level of fatigue in the following days the worker is placed at a less burdensome station). 
The basic principle in fatigue management is to stop the specific action of which the work consists, in order to 
reduce fatigue occurring as a result of this action, and the pause from one action may be filled with a different 
activity which would ensure a uniform load on the worker [11]. The selection of required rest periods should 
provide relief to the worker and thus allow a reduction in fatigue. This is obvious in theory, but at the same time 
quite difficult to achieve in practice because both specific components of fatigue as well as individual abilities in a 
given time are subject to complex relationships, in which fatigue is the cumulative result. Moreover, beyond the 
preventive role of breaks (physiological effect of the break), they should also increase motivation for effort in the 
following work phase (psychological effect of the break), which is also an important factor in the quality of working 
life [5].
Given that fatigue occurs under certain conditions, microclimate is a special component of the environment 
particularly in the case of mining and heavily affects fatigue. For this purpose, more formal models are made that 
contain a tabular representation of the changes in discomfort indices depending on temperature, thermal resistance 
of clothing and energy expenditure at various ratios of working time to breaks, which enables the organization of 
working time with an appropriate average discomfort coefficient. Very often, due to a complicated calculation 
process computer programs are used for this purpose, and a good example in this field is the application Z.K.S. 
MACOT [15].
Measures which would prevent miner work place stress are a separate subject and should be based on workstation 
analyses [7], the result of which should give conclusions as to how to prevent such a phenomenon and next concrete 
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organizational measures that should be reviewed in terms of effectiveness. Solutions for stress reduction are also 
focused on psychological studies of mechanisms of resistance and the capacity to cope with stress.
Solutions aimed at reducing the risks associated with fatigue among miners have been divided into the following 
categories:
x standardization of work – application of ergonomic requirements for the formation of working conditions [6],
x minimizing fatigue through training on how to improve sleep quality and reducing stress factors that come with 
shift work,
x psychomotor performance monitoring,
x extended analysis of accidents resulting from fatigue – for example using a systems analysis [12].
A significant difficulty in fighting fatigue is the problem of shift work, which in the case of underground coal 
workings means circadian rhythm disorders in employees and the resulting problems with sleep. For shift work, 
employees can be taught how to rest properly by learning the following skills [18]:
x recognizing the symptoms of sleep disorders,
x strategies to ensure the quality of sleep, ability to recharge their batteries in specially designed spaces,
x management of the signs of fatigue and understanding its effects,
x healthy lifestyle and proper nutrition.
Another group of solutions are systems based on ongoing monitoring of physiological or functional parameters of 
employees. In the case of machine operators, functional parameters which may be subject to measurement include: 
x eyelid closure (fatigue is characterized by prolonged eyelid closure time > 1.5 seconds and a speed of > 3.7 mph 
or a distraction by events outside of the observable area – duration > 4.5 seconds at a speed of > 10 mph.
x orientation in space of operator’s head,
x control movements and their frequency, in the case of driving, control movements occur, which, together with the 
build-up of fatigue become less frequent; a recognition of this tendency allows to avoid the growth of fatigue to 
an unsafe level for the operator and the work performed. 
Due to the complexity of the mechanisms of fatigue in fatigue management employed are integrated systems that 
include simultaneously multiple levels of fatigue and ways to counteract them. An example of such a solution is 
ASTiD (Advisory System for Tired Drivers). ASTiD analyzes the following factors in order to determine fatigue:
x circadian rhythm (i.e., the body clock): ASTiD models the natural human tendency to increase or decrease 
alertness based on the time of day.
x quality of rest, comprising of quality of sleep and/or rest as a factor determining shift fatigue. ASTiD treats these 
elements as output factors allowing for determining individual susceptibility.
x operational analysis of work cycle, with particular emphasis on length and type. One example is the analysis of 
monotonous driving which has an effect on the alertness of the operator and which is determined on the basis of 
data from a gyroscope sensor.
x movement of vehicles and machinery – the system processes data from the gyroscope sensor to determine the 
degree of actual control of the vehicle. Fully alert operators make many small steering corrections almost 
unconsciously, while when operators are sleepy movements become less frequent and the adjustments greater. 
Algorithms are investigating general data on driving and indicate specific actions that indicate fatigue.
A comparison of multiple systems in the management of fatigue leads to the conclusion that both in the 
identification and management of fatigue effects a number of factors must be taken into account, primarily related to 
the real scope of performed operations. It seems appropriate to also employ the knowledge and experience of 
workers to enable them to participate in decision-making (especially when related to safety and fatigue), as it occurs 
in knowledge-based enterprises [8].
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Fig. 1. Diagram of a system designed to enable the transmission of data in the miner fatigue management system.
3. Concept of the work safety system
Due to the specific nature of work in underground coal mines and the employed work measures, there is no 
possibility of using functional monitoring. Even in the case of operating work, the environment and variability of 
work does not allow for monitoring of the activities carried out only on the machine. The proposed system in this 
respect is shown in Fig. 1 and is the result of work carried out by the Wroclaw University of Technology in the 
development of transmission infrastructure.
In the proposed in Figure 1 system for miner fatigue the monitored parameters of heart rate, hemoglobin oxygen 
saturation level and the acidity of the skin give information about the level of worker fatigue. Miners working 
underground would therefore be equipped with a dedicated biosensor, which attached to the ear lobe would enable 
the registration of pulse, oxygen saturation, and acidity of skin. Information collected by the sensor would be 
transferred wirelessly (using the ZigBee technique based on IEEE 802.15.4 [4]) to WLAN data concentrators 
(located within 300 m of working miners), and from there – via the mine’s fiber-optic backbone network – to the 
main database [16].
The management system itself can not only be based on monitoring measurements of heart rate, hemoglobin 
oxygen saturation level and skin acidity, since these parameters do not provide sufficient knowledge about other 
signs of fatigue. An analysis of the character of miners’ work enabled the characterization of other risk factors in 
terms of miner fatigue that will be in the fatigue management system:
x work cycle: number of subsequent shifts including those during the night, number of work hours in the work 
week taking into account activities performed, number of work hours in the last four weeks, driving or walking to 
the excavation site at the beginning and end of each shift cycle, work schedule, breaks during shifts, breaks 
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between periods of work, shared shifts or changing shifts, seasonal labor organization – hours worked are non-
standard,
x non-work related fatigue: delay in starting work (should be seen along with commuting time), time commuting 
or travel time (daily), individual factors affecting the quality of sleep,
x mental job requirements: monotony of tasks, stress and its causes including intimidation, harassment, unplanned 
activities, overtime, failures, level of satisfaction with the ongoing work tasks,
x environmental conditions: microclimate, noise and its components, vibration, air composition and air movement 
(flow), changes in pressure, light, radiation, dust,
x organizational and material working conditions: assumed positions during work, monotonous local loads that 
will not result in physiological fatigue obtained during measurements.
The main idea of the developed fatigue management system is shown in Figure 2. It matches load level with the 
employee’s potential with consideration of the factors listed above. The fatigue management system is carried out 
by adjusting the combinations of work severity, work environment and work position representing a specific load 
potential (load power) with an effective exposure time. The effective duration of load in this case is not meant to be 
pejorative, and is only tasked with taking into account the cumulative impact of the organization of working time, so 
the combination of breaks, shift cycles, schedules, etc. This approach assumes that the system is designed to adapt 
the load on the worker to his efficiency. At the same time, however, productivity is not to be treated as a constant, 
but as another element in the management system, which depends on non-work related fatigue factors. The 
management system should take into account these factors, whose change may contribute to increasing employee 
productivity without adversely affecting health and quality of life – e.g., the quality of rest between periods of work.
Fig. 2. Main assumptions of the work fatigue management system.
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Fig. 3. Logical scheme of data sources in the designed fatigue management system.
For fatigue management it is required, however, to consider a much larger number of factors. The system 
consisting of such a large number of items that cannot be determined by linear dependencies requires an expert 
system based on fuzzy logic, which can illustrate the quality level of working conditions [10]. Assumptions for the 
system are shown in Figure 3.
The developed system requires the construction of a correlation matrix, and each time for individual factors an 
estimation using statistical methods should be made of the probability of co-occurrence of two characteristics. The 
expert system would hint to the operator of the worker fatigue management system the degree of probability of 
adverse effects of fatigue. Under this assumption, it is necessary to assume the possibility of self-improvement of 
the system – self-learning.
4. Conclusion
In the modern world, information is a priceless good. At the same time information management is becoming 
more and more difficult because of its ambiguity, complexity and interdependence. The management of information 
relating to fatigue requires a comprehensive system, which takes into account a number of complexities while 
leaving room for the decision of the operator. Undoubtedly, an advantage of such a system is the possibility to 
employ the worker without exposing him to excessive loads that over a long period of time can cause health 
problems eliminating him from the labor market. Fatigue management is therefore human factor management with a
focus on optimal human employment. Such an approach is all the more important because of both ethical but also 
demographic requirements the employee is a very valuable resource, whose misuse is a waste.
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